Nonylphenols (NP) are toxic degradation products of the alkylphenol ethoxylates (APEs). Research has identified NP as the most critical metabolite of APEs because of its resistance to biodegradation, its ability to bioaccumulate, and its toxicity (Ahel et al., 1994; Tyler et al., 1998) . Therefore, both the European Union and Canada have placed limits or banned specific uses of nonylphenol ethoxylates (Renner, 1997) . Research indicates that NP is one of the most prevalent toxicants in the United States (Kolpin et al., 2002) , and Europe (Ahel et al., 1991) . The U.S. Geological Survey performed an extensive survey of 139 lakes and rivers of the Unites States in 30 different states for 95 organic water contaminants. This survey showed that NP is found in more than 50% of our surface waters and is the seventh most common chemical. However, when present, NP is the third most prevalent chemical in the United States, and NP's parent compound nonylphenol monoethoxylate is the most prevalent chemical (Kolpin et al., 2002) .
NP is also found in some food products, cosmetics, and drinking water. NP has been detected in drinking water (Petrovic et al., 2003) , and has been reported to leach from tubing for milk processing and from plastics used in food packaging (Fernandes et al., 2003; Gilbert et al., 1992; LoyoRosales et al., 2004) . Recent studies have demonstrated that para-NP is found on most of our fruits and vegetables, probably because of the widespread use of NP as a carrier in pesticide formulations (Yang and Ding, 2005) . Furthermore, 100% of edible marine species contain NP. For example, in the Adriatic Sea, NP concentrations in marine organisms have increased over the past 5 years and vary from 0.4 to 1.5 ppm in edible crustaceans and fish (Ferrara et al., 2001 (Ferrara et al., , 2005 .
NP is a mixture of para-, ortho-, and meta-isomers with the estrogenic, para-NP (4-NP) comprising approximately 85% of the isomers. 4-NP is estrogenic at supraphysiological concentrations and is widely studied primarily because of its widespread use and endocrine disrupting effects in vitro (Soto et al., 1991; White et al., 1994) and in vivo (Acevedo et al., 2005; Baldwin et al., 1997; Laws et al., 2000) . Some studies have demonstrated increased P450 expression in association with reduced fecundity in daphnids (Baldwin et al., 1997) , or increased mammary cancer incidence in mice (Acevedo et al., 2005) . NP has been shown to increase Cyp3a in fish and rodents (Arukwe et al., 1997; Baldwin et al., 2005; Lee et al., 1996) , presumably due to its interactions with the pregnane X-receptor (PXR) (Masuyama et al., 2000) . Recent research indicates that Cyp2b induction is greater than Cyp3a induction in mice (Acevedo et al., 2005; Hernandez et al., 2006) , and this has been confirmed in rats (Fu et al., 2006) . This is consistent with activation of the constitutive androstane receptor (CAR) by NP; however, NP's ability to activate CAR has not been directly investigated.
CAR (NR1I3) and PXR (NR1I2) are orphan nuclear receptors that act as master regulators of the phase I, phase II, and phase III enzymes and transporters critical for detoxification of steroids, bile acids, and xenobiotics (Chang, 2006; Qatanani and Moore, 2005; Wei et al., 2000; Zollner et al., 2006) . PXR and potentially CAR are activated by a wide range of endocrine disrupting chemicals and therefore may be important in protecting the integrity of the endocrine system from natural and man-made chemicals (Kretschmer and Baldwin, 2005) . The early research suggested that PXR primarily induced the transcription of CYP3A family members, and CAR primarily induced the transcription of CYP2B family members when activated. More recent research indicates that these receptors are involved in ''cross-talk'' in which they are activated by similar chemicals , and regulate the expression of analogous genes by stimulating similar response elements Xie and Evans, 2001 ) with PXR showing broader effects on CYP2B and CYP3A than CAR (Faucette et al., 2007) . Thus, PXR and CAR regulate overlapping, but distinct sets of genes involved in protecting the cell from toxicants .
CAR's ligand-binding pocket is smaller and less flexible than PXR's (Suino et al., 2004; Watkins et al., 2001) . The smaller ligand-binding domain is thought to be the reason CAR is less promiscuous than PXR (Suino et al., 2004) . However, ligand binding is not a prerequisite for activation of CAR as demonstrated by phenobarbital (PB) (Kawamoto et al., 1999) , which activates CAR through an adenosine monophosphate kinase phosphorylation cascade (Rencurel et al., 2005; Shindo et al., 2007) . It has been hypothesized that the majority of CAR activators work through an indirect pathway (Shindo et al., 2007) .
Activation of CAR is implicated in several drug-drug interactions. For example, CAR activation and the subsequent induction of CYP3A4 have been associated with increased vitamin D metabolism. This provides a potential association between CAR-activating antiepileptic drugs, such as PB and phenytoin, and a decline in bone mineral density (Xu et al., 2006) . The production of the toxic metabolite of acetaminophen, 4-hydroxyacetanilide, N-acetyl-paminophenol, is significantly enhanced by CAR activation, and mice lacking CAR are protected from acetaminophen toxicity . Furthermore, hydroxylation of methoxychlor, polychlorinated biphenyls, and possibly polybrominated diphenyl ethers by P450s is necessary to produce their endocrine disrupting metabolites (Connor et al., 1995 (Connor et al., , 1997 Dehal and Kupfer, 1994; Meerts et al., 2001) , and accordingly induction of P450s by CAR activation may enhance toxicity of these environmental pollutants.
Therefore, exposure to environmental and occupational chemicals, such as the ubiquitous contaminant NP, may induce P450s and lead to altered toxicity and clearance of endogenous wastes, pharmaceuticals, pesticides, and other xenobiotics due to CAR activation. Consequently, we set out to determine if NP activates CAR using transient transactivation assays, CAR-null mice, and humanized (hCAR) transgenic mice to determine if NP activates CAR in vitro and in vivo.
MATERIALS AND METHODS
Chemicals. Technical grade 4-NP (~85% para-isomers) was obtained from Fluka Chemical Co. (Seelze, Germany). Absolute ethanol, zoxazolamine (2-amino-5-chlorobenzoxazole 97% purity) (ZOX), 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), ketamine HCl/xylazine HCl (800 mg/120 mg) PB, androstanol, pregnenolone 16a-carbonitrile (97%) (PCN), and rifampicin (95%) were obtained from Sigma-Aldrich (St Louis, MO). Dimethyl sulfoxide (DMSO) was purchased from Fisher Scientific (Houston, TX). 6-(4-Chlorophenyl)imidazo [2,1-b] Transactivation assays. The rat PXR (rPXR) and human PXR (hPXR) were generous gifts of Dr Bingfan Yan and Dr Ronald Evans, respectively (Blumberg et al., 1998; Zhang et al., 1999) . The mouse CAR (mCAR) expression plasmid was described previously (Forman et al., 1998) . The CAR reporter, a generous gift from Dr Masahiko Negishi, is the ÿ1.8 kb PBREM from CYP2B6 (Wang et al., 2003) . The PXR reporter (PXREluc) was a generous gift from Dr Russell Prough and contains two copies of the PXRE from the CYP3A23 promoter (Ripp et al., 2002) .
Transactivation assays were performed in HepG2 human hepatoma cells (ATCC, Rockville MD) cultured in phenol red free Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and 1% Penicillin/Streptomycin (Invitrogen) under 5% CO 2 at 37°C. Transient transfections were performed as previously described (Song et al., 2005; Wyde et al., 2003) . For mCAR transfections, HepG2 cells were plated in 12-well plates at 100,000 cells per well, and transfected 24 h later with 20 ng of the mCAR expression vector, and 100 ng of the pGL3 reporter plasmid using Effectene reagent according to the manufacturer's instructions (Qiagen, Valencia, CA). Transfected cells were treated the next day with NP, 10lM androstanol, or 10lM androstanol as an inverse agonist in combination with 250 nm TCPOBOP or increasing NP concentrations. The use of an inverse agonist (androstanol) is necessary for repressing CAR's constitutive activity and increasing the sensitivity of the transactivation assay (Forman et al., 1998) . All chemicals were dissolved in DMSO and therefore all samples, treated and untreated, received 0.2% DMSO. Firefly luciferase activity was measured 24 h after the chemical treatment with the Steady-Glo luciferase reporter assay system (Promega, Madison, WI) according to manufacturer's protocol as described previously (Wyde et al., 2005) . The luminescence signal was normalized to transfected, untreated cells, or transfected, androstanol-treated cells by determining the ratio of the normalized signal from chemically treated cells over that of the CARtransfected, or CAR-transfected, androstanol-treated cells. This is reported as fold activation. Empty vector, reporter plasmid only, and expression plasmid only transfections were performed (data not shown). Data are presented as the mean of triplicate assays ± standard deviation from a minimum of three separate assays. Statistical differences (p 0.05) were determined by analysis of variance (ANOVA) followed by Fisher's protected least significant difference (PLSD) as post hoc test using StatView software.
For hPXR and rPXR transfected HepG2 cells, the assays were performed similarly with a couple of exceptions. Cells were transfected with 100 ng PXR expression plasmid, 100 ng PXR luciferase reporter plasmid, and 10 ng of pRL-TK Renilla luciferase reporter plasmid as an internal control for transfection efficiency. The next day cells were treated with rifampicin, PCN, or NP.
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Twenty-four hours later, the luciferase assays were performed with the DualGlo Luciferase Assay System (Promega). Firefly luciferase reporter activity was normalized to Renilla luciferase activity to control for transfection efficiency. The data were then normalized to untreated (DMSO) samples by comparing the ratio of firefly luciferase activity in treated samples to untreated samples, and reported as fold activation. Data are presented as the mean of triplicate assays ± standard deviation from a minimum of three separate assays. Statistical differences (p 0.05) were determined by ANOVA followed by Fisher's PLSD as the post hoc test using StatView software.
Mice. All studies were carried out according to National Institutes of Health (NIH) guidelines for humane use of research animals and were preapproved by the Baylor College of Medicine or University of Texas at El Paso Animal Care and Use Committee. B6129PF1/J mice were obtained from Jackson's Laboratory (Bar Harbor, ME). CAR-null mice, on a B6129 background, were previously described (Wei et al., 2000) , and are housed at both the Baylor College of Medicine and the University of Texas at El Paso. Humanized CAR (hCAR) mice were produced by adding hCAR on the albumin promoter to CAR-null mice and have been described previously . hCAR mice were housed and treated at the Baylor College of Medicine. Mice were provided water, and fed ad libitum prior to treatments.
NP treatment of mice. Eight to 10-week-old wild-type and CAR-null female mice were randomly split into five treatment groups each. A group of mice were fed 0, 50, or 75 mg/kg/day NP mixed in 100 ll of honey for 7 days. A second group was injected with 100 ll corn oil or 3 mg/kg/day TCPOBOP mixed in corn oil one day prior to necropsy. hCAR mice were treated at The Baylor Medical School and livers were shipped on dry ice to The University of Texas at El Paso. Mice were provided corn oil injections or 30 mg/kg/day CITCO in corn oil for 3 consecutive days as a positive control, in addition to the hCAR mice treated as described above for 7 days with NP (0, 50, 75 mg/kg/day in honey). All mice were anesthetized by ketamine injection and then sacrificed by CO 2 asphyxiation. Livers were excised, diced into several pieces; half of the liver was used for microsome preparation, and the other half was placed in TRIReagent (Sigma-Aldrich) for RNA extraction. In addition, 0.1 g of liver was removed from the protein fraction and used to prepare nuclear fractions. All samples were stored at ÿ80°C.
ZOX-induced paralysis in NP-treated mice. Seventeen wild-type female and 14 CAR-null mice were randomly split into three treatment groups. Wildtype mice were treated with honey for 7 days followed by a corn oil injection on day 7, 50 mg/kg/day NP mixed in honey followed by a corn oil injection on day 7, or treated with honey for 7 days followed by an injection of 3 mg/kg TCPOBOP dissolved in corn oil. CAR-null mice were also split into untreated, 50 mg/kg/day NP, and 3 mg/kg/day TCPOBOP-treated groups as described above. On day 8, mice were injected ip with 300 mg/kg ZOX in corn oil. After injection, initial paralysis was noted, and paralysis time was measured by placing the mice on their backs and measuring the time until they were able to consistently right themselves. All statistical tests were performed with StatView software (SAS Institute Inc., Cary, NC). Data were analyzed by ANOVA followed by Fisher's PLSD as the post hoc test. A p-value 0.05 was regarded as statistically significant.
Primary human hepatocytes. Human hepatocytes plated in collagen I coated 12-well plates were obtained from CellzDirect (Pittsboro, NC), and provided hepatocyte culture medium (MEM Alpha Medium, Invitrogen Corporation, Carlsbad, CA) supplemented with 0.5% Penicillin/Streptomycin, 1% Insulin-Transferrin-Selenium (Invitrogen), and 100nM dexamethasone immediately after arrival and every 24 h thereafter. Human liver donor information is provided in Table 1 . Cells were treated with DMSO as a vehicle, NP, or PB for 24 h. Cells were harvested with a cell scraper after a 10-min treatment with 1% trypsin, RNA was extracted, and quantitative reverse transcriptase-PCR (Q-PCR) performed as described below with primers to CYP2B6, CYP3A4, and 18S ribosomal RNA (rRNA).
Sample preparations. RNA was extracted from approximately half of the liver with TRI-reagent according to the manufacturer's instructions followed by DNAse (Promega Corporation, Madison, WI) digestion to remove residual genomic DNA. RNA concentrations were determined spectrophotometrically at 260/280 nm (Molecular Devices, Ramsey, MN). Reverse transcription was performed to make complementary DNA (cDNA) using 200 units Moloney Murine Leukemia Virus-reverse transcriptase (Promega Corporation, Madison, WI), a 10mM deoxy-nucleotidyl tri-phosphate mixture, and 0.05 mg random hexamers.
For microsome preparation, approximately half of the liver was individually homogenized with a Dounce Homogenizer and microsomes were prepared as described previously (Van der Hoeven and Coon, 1974) . Nuclear fractions were prepared by homogenizing individual liver tissue samples with a Dounce homogenizer using the Panomics (Redwood City, CA) nuclear extraction protocol. Protein concentrations were determined with the Bio-Rad protein assay (Bio-Rad, Hercules, CA) according to manufacturer's instructions.
Quantitative RT-PCR. Q-PCR was performed on mouse liver and human hepatocytes cDNA using the following primers: mouse Cyp2b10 (forward 5#-CTGAATCCGCTCCTCCACACTC-3#, reverse 5#-TGAGCCAACCTTCAA GGAATAT-3#); human CYP2B6 (forward 5#-AAGCGGATTTGTCTTGGT-GAA-3#, reverse 5#-TGGAGGATGGTGGTGAAGAAG-3#); 18S rRNA was used as the housekeeping gene to normalize gene expression. This gene is highly conserved, so primers were designed that recognize both mouse and human (forward 5#-ATGGCCGTTCTTAGTTGGTG-3#; reverse 5#-ATGCCAGAGT-CTCGTTCGTT-3#). Briefly, 320 ng of cDNA was incubated with Cyp2b10 primer, a 10mM dNTP mixture, 0.253 SybrGreen, and Taq polymerase (Qiagen, Valencia, CA). During PCR, samples were denatured at 95°C for 30 s, then lowered to the proper annealing temperature for 30 s, and extended at 72°C for 30 s. Annealing temperatures were 63.5°C (Cyp2b10), 63.5°C (CYP2B6), and 61.7°C (18S). Q-PCR was performed using a MyiQ Single Color Reverse Transcription PCR detection system (Bio-Rad Laboratories). Relative quantities of Cyp2b10 and CYP2B6 were determined as described previously using the
, where NE is the normalized gene expression, E is the efficiency of amplification for a particular gene, Ct is the threshold cycle, ref is the housekeeping gene (18S), and target is the gene of interest (Hernandez et al., 2006; Muller et al., 2002) . ANOVA was performed followed by Fisher's PLSD as the post hoc statistical test. A p-value of 0.05 was regarded as significantly different from control values and is shown in figures with an asterisk.
Western blots. Western blots were performed on 50 lg of microsomal protein to measure P450 levels. Proteins were separated by polyacrylamide gel electrophoresis, in a 10% gel (Laemmli, 1970) , and then transferred to 0.45-lm nitrocellulose (Bio-Rad Laboratories). Nitrocellulose was blocked, using 5% skim milk in 0.3% Tween 20 dissolved in phosphate buffered saline, for 15 min for Cyp2b10 and hCAR, and 45 min for b-actin. The blots were incubated with a rat anti-mouse Cyp2b10 antibody (generous gift from Dr Randy Rose), rabbit anti-mouse CAR antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or mouse anti-human b-actin (Sigma-Aldrich) at a 1:500 dilution. b-Actin was used as a housekeeper to ensure equal loading of samples. Goat anti-mouse (b-actin), goat anti-rat (Cyp2b10), and goat anti-rabbit (hCAR) alkaline phosphatase coupled secondary IgG (Bio-Rad) were used to recognize the primary antibodies. Bands were visualized colorimetrically with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as substrates (Bio-Rad Laboratories), and scanned on a GS-710 densitometer (Bio-Rad). Cyp2b10 and 
RESULTS
Luciferase transactivation assays utilizing rPXR and hPXR reiterate previous results demonstrating NP activates rodent PXR (Masuyama et al., 2000; Mikamo et al., 2003) . NP activated rPXR in a dose-dependent fashion with a maximal response of fourfold induction over untreated cells. PCN a known rPXR agonist was used as a positive control, and increased reporter expression by nearly 100-fold over controls (Fig. 1A) . Transactivation of hPXR by NP was 5.5-fold greater than the controls, similar to the positive control, rifampicin (Fig. 1B) . Therefore, these experiments confirm that NP activates rodent PXR and demonstrates that NP activates hPXR.
Previous results in our lab that demonstrated NP increased cyp2b RNA and protein expression, and testosterone 16b-hydroxylase activity, a biomarker of Cyp2b activity, suggested activation of CAR (Acevedo et al., 2005; Hernandez et al., 2006) . Therefore, we performed mCAR transactivation assays in HepG2 cells to determine if mCAR was activated by NP in vitro. NP increased mCAR activity in a dose-dependent manner without androstanol present ( Fig. 2A) . Assays were also performed in the presence of the inverse agonist androstanol. Inhibition of CAR's constitutive activity by androstanol is necessary to increase the sensitivity and reliability of CAR transactivation assays. NP was able to reverse the androstanol-induced repression in a dose-dependent manner at concentrations as low as 1lM NP (Fig. 2B ) with a maximum activation of 2.6-fold over the control at 20lM. In comparison, the potent CAR activator, TCPOBOP induced mCAR activity 3.6-fold (Fig. 2B) . These studies indicate that NP is a relatively potent mCAR activator.
Experiments were performed with wild-type and CAR-null mice to determine if NP could also activate CAR in vivo. Following treatment, mice were euthanized, livers excised, and translocation of CAR from the cytosol to the nucleus investigated because it is a key step in CAR transcriptional activity (Kawamoto et al., 1999) . Western blots were performed on the nuclear extracts to detect the amount of CAR in the nucleus. CAR was not detectable in the nucleus in untreated wild-type mice. CAR was not detectable in TCPOBOP-treated CAR-null mice as expected (Fig. 3A) , indicating the lack of CAR in this model. However the potent CAR agonist TCPOBOP markedly increased CAR protein levels in the nucleus of wild-type mice (Fig. 3B) . Lastly, wild-type mice treated with 75 mg/kg/day NP also showed an increase in CAR protein levels in the nucleus (Fig. 3C) , indicating that NP increased the nuclear translocation of CAR, which may lead to transcription of Cyp2b10 and other target genes.
We examined Cyp2b10 induction, a biomarker commonly used to measure CAR activation. Livers from wild-type (CAR þ/þ) mice treated with 50 or 75 mg/kg/day NP, showed a 20-or 19-fold induction of Cyp2b10, respectively, compared to untreated mice as measured by Q-PCR (Fig. 3D) . In contrast, CAR-null (CAR ÿ/ÿ) mice showed no change in Cyp2b10 transcript levels following NP treatment (Fig. 3E) . Both results were in concert with the well-characterized positive control, TCPOBOP (Figs. 3D and 3E) . Interestingly, TCPOBOP caused a substantial but not statistically significant decrease in Cyp2b10 transcript levels (Fig. 3E) . Transcript induction was confirmed by Western blots of Cyp2b protein. Cyp2b protein was induced in NP-treated wild-type mouse livers nearly fourfold over wild-type controls (Fig. 3F) ; while CAR-null , and activation of PXR by NP determined using a luciferase-coupled reporter containing CYP3A23 PXRE. PCN (10lM) and rifampicin (10lM) were used as positive controls for activation of rPXR and hPXR, respectively. The results are shown as fold induction compared to the solvent control, mean ± SD (n ¼ 3 rPXR, n ¼ 4 hPXR). Asterisk indicate a significant difference from the DMSO control (UT) cells by ANOVA followed by Fisher's PLSD as the post hoc test (*p < 0.05, **p < 0.01).
NONYLPHENOL ACTIVATES THE CONSTITUTIVE ANDROSTANE RECEPTOR 419 mice treated with NP showed no change in Cyp2b protein levels (Fig. 3G) . In comparison, TCPOBOP-treated wild-type mice showed a 15-fold induction of Cyp2b protein levels, and CAR-null mice showed no significant change in Cyp2b protein levels (Fig. 3H ). Our data demonstrate that Cyp2b induction by TCPOBOP and NP is CAR dependent.
ZOX challenges were performed to determine the potential pharmacological impact of P450 induction. Previously we showed that NP decreases ZOX paralysis time similarly to the CAR activator TCPOBOP (Hernandez et al., 2006) . These ZOX assays have the added benefit of determining whether an NP-mediated decrease in ZOX paralysis is CAR dependent. Untreated wild-type mice exhibited an average paralysis time of 55 min, which was markedly decreased by NP and TCPOBOP as both NP and TCPOBOP treatment decreased paralysis time to almost 0 min (Fig. 4) . In contrast, all CARnull mice, treated or untreated, had a longer paralysis time than the untreated wild-type mice indicating the importance of CAR in the maintenance and induction of P450s. For example, untreated CAR-null mice had an average paralysis time two times longer than untreated wild-type mice. TCPOBOP-treated CAR-null mice did not show a decrease in paralysis time compared to untreated CAR-null mice. However, NP-treated CAR-null mice showed a statistically significantly shorter paralysis time than untreated CAR-null mice suggesting a role for PXR in the induction of P450s by NP.
CAR ligand activation profiles vary among species because CAR, like PXR, has undergone significant positive selection (Iyer et al., 2006; Krasowski et al., 2005) . This can make extrapolating from mouse to human difficult. Therefore, we performed studies with hCAR mice. The humanized mouse model is especially useful since hCAR transactivation assays are unreliable because of its extensive constitutive activity and the lack of a potent inverse agonist. NP treatment at 50 or 75 mg/kg/ day, showed an induction of Cyp2b10 transcript levels of 7-and 2.5-fold, respectively, compared to untreated mice (Fig. 5A) . Our lack of a dose-response in Cyp2b10 transcript levels in the hCAR mice is not understood. However, the Cyp2b protein levels in the NP-treated mice were induced in a nearly identical fashion (3.8-and 3.1-fold, respectively, at 50 and 75 mg/kg/day) at both doses provided (Fig. 5B) . In comparison, the known hCAR agonist, CITCO that activates only hCAR and not mCAR (Maglich et al., 2003) , induced Cyp2b10 messenger RNA (mRNA) 32-fold, but protein was induced only twofold (Figs. 5A and 5B). Overall, this work indicates that NP activates hCAR in addition to mCAR.
To confirm the hCAR results and measure the potential for NP-mediated P450 induction in humans, primary hepatocytes from three donors were treated with NP or PB. Primary hepatocytes are used extensively to determine potential P450 induction by pharmaceuticals (Faucette et al., 2004) . NP induced CYP2B6, the human homolog to mouse Cyp2b10, as measured by Q-PCR in all three donors (Fig. 6) . However, induction was highly variable and markedly less in NP-treated hepatocytes than PB-treated hepatocytes. NP induced CYP2B6 3.7 to 8.6-fold; PB induced CYP2B6 9-to 34-fold. CYP3A4 was also examined and produced similar but muted induction compared to CYP2B6 (data not shown). Taken together, these data indicates that NP is a moderate hCAR agonist and P450 inducer in humans. Lee et al., 1996; Masuyama et al., 2000; Mikamo et al., 2003) . Research has demonstrated that NP activates PXR and in turn induces Cyp3a (Masuyama et al., 2000; Mikamo et al., 2003) ; however, recent research shows greater Cyp2b induction than Cyp3a indicating activation of CAR (Acevedo et al., 2005; Hernandez et al., 2006) . Our data demonstrate that NP induces Cyp2b10 by activating CAR. Transactivation assays demonstrate CAR activation by NP, and in vivo results using CAR-null and wild-type mice confirmed these results and demonstrated that CAR is necessary for Cyp2b10 induction. Studies using ZOX showed pharmacologically relevant perturbations at high doses of NP. Lastly, studies with primary human hepatocytes and hCAR mice demonstrate the potential for hCAR-mediated P450 induction in humans.
Because previous research demonstrated that NP could activate murine PXR (Masuyama et al., 2000; Mikamo et al., 2003) , we repeated these studies using rPXR. Our data confirmed that NP can activate rPXR, but is a weak partial agonist when compared to PCN. In contrast, hPXR is activated equally by both rifampicin and NP, which may be important in NP's ability to induce P450s in humans. To our knowledge, activation of hPXR by NP has not been previously reported.
Previous studies implicate CAR in NP-mediated Cyp2b10 induction (Hernandez et al., 2006 ); therefore, we tested whether NP activates CAR. Transactivation assays demonstrated that NP activates mCAR and can out-compete androstanol inhibition and induce luciferase activity. Androstanol also increased the sensitivity of the CAR transactivation assay, thus demonstrating significant activation of CAR at concentrations NONYLPHENOL ACTIVATES THE CONSTITUTIVE ANDROSTANE RECEPTOR 421 of NP as low as 1lM. The development of CAR-null mice (Wei et al., 2000) allowed us to determine that NP also activates CAR and induces Cyp2b10 in a CAR-dependent fashion in vivo. Western blots were used to confirm the Q-PCR results and demonstrated a 3.8-fold induction of Cyp2b that is much less than the 20-fold induction measured by Q-PCR. Antibodies for the Cyp2b's most likely recognize multiple Cyp2b isoforms in addition to Cyp2b10, and therefore we refer to the protein as only Cyp2b and not Cyp2b10. The recognition of other Cyp2b subfamily members may also have caused the observed differences between Q-PCR and Western blot results as some Cyp2b's may not be induced by NP (Hernandez et al., 2006) . ZOX paralysis has widely been used to determine the pharmacological relevance of P450 induction in vivo and determine possible drug-drug or drug-toxicant interactions. Increased paralysis indicates P450 inhibition and decreased paralysis indicates P450 induction. ZOX-induced paralysis time was decreased greater than 96% in NP-treated wild-type mice, nearly the same as ZOX-induced paralysis was decreased by the potent agonist, TCPOBOP. This demonstrates that NP activation induces several important drug metabolizing enzymes involved in the metabolism of ZOX, including Cyp2b10. Interestingly, ZOX paralysis was significantly greater in CARnull mice than wild-type mice, further demonstrating that CAR is necessary for the maintenance of P450s in addition to P450 induction (Wei et al., 2000) . Though a direct comparison of basal P450 or Cyp2b levels in wild-type and CAR-null mice was not compared in this paper, currently our preliminary unpublished results suggest a fourfold decrease in basal Cyp2b10 mRNA levels in CAR-null mice compared to the wild-type mice. Therefore, an increase in paralysis time in CAR-null mice may be in part due to a decrease in Cyp2b10 expression.
ZOX-induced paralysis was also decreased 39% in the NPtreated CAR-null mice, suggesting that PXR is also involved in the NP-mediated induction of P450s. However, the overall decrease in ZOX metabolism was much less in the CAR-null mice, suggesting that CAR's role in P450 induction is more prominent than PXRs. Alternatively, ZOX may be preferentially metabolized by Cyp2b's and therefore this assay is more sensitive in CAR-null mice. To our knowledge, the P450s responsible for ZOX metabolism have not been published, but increases in Cyp1a, Cyp2b, and Cyp3a activity have been correlated with decreased ZOX-induced paralysis (Hernandez et al., 2006; Kapitulnik et al., 1976; Staudinger et al., 2001; Wei et al., 2000) . Furthermore, CAR regulates several phase II and III enzymes and transporters involved in xenobiotic clearance (Qatanani and Moore, 2005; Wei et al., 2000) . Therefore, we can not omit the possibility that induction of these detoxification proteins may also be involved in increased ZOX clearance.
Currently, hCAR transactivation assays are nearly impossible and at best very unreliable because of hCAR's high constitutive activity and resistance to marked inhibition by inverse agonists ; thus, the recent development of hCAR mice provides an important mechanistic model for extrapolating CAR activation to humans. Treatment of hCAR mice with NP showed Cyp2b induction as measured by Western blotting and Q-PCR. The Q-PCR data were not dose dependent as Cyp2b10 increased sevenfold at 50 mg/kg/day, but only 2.5-fold at 75 mg/kg/day. Wild-type mice did not show a similar decrease in Cyp2b10 induction at 75 mg/kg/day (Fig. 3D) . The reason for a lack of a dose-response in hCAR mice is unknown, but may be related to temporal effects caused by euthanasia 24 h following the last treatment. This may have caused mRNA levels to peak prior to euthanasia, but protein levels were still left at relatively high levels. The effect may also be related to preliminary unpublished results suggesting that hCAR levels in these mice are lower than the respective mCAR levels in wild-type mice. We highly doubt the decrease in Cyp2b10 transcript levels is caused by toxicity to the hCAR mice since neither wild-type nor CARnull mice showed toxicity. Interestingly, protein levels as measured by western blots did not show a decrease in expression at 75 mg/kg/day relative to 50 mg/kg/day. However, both CITCO and NP showed less induction by Western blotting than Q-PCR similar to TCPOBOP and NP following treatment in wild-type mice. As mentioned previously, this may be due to the sensitivity of the assay or the antibody recognizing other Cyp2b isoforms that are not induced by CAR activation.
Furthermore, we measured Cyp2b induction in primary human hepatocytes. Though P450 induction in humans can show great variability, three different donors showed CYP2B6 induction. Patient Hu504 did not show statistically significant induction following NP treatment; however, only three replicates were performed for this donor and therefore the statistical power was reduced. Three replicates were performed because we were interested in investigating a potential dose-response and the addition of a second NP concentration reduced the number of wells available at each concentration. Interestingly, the lower dose showed the greatest increase in CYP2B6 levels measured in the donors, but this observation was not statistically significant. The lack of a dose-response to NP at the higher doses was also observed in hCAR mice, and in ZOX challenged FVB/NJ mice in a previous study (Hernandez et al., 2006) . Therefore, this effect does not appear to be a speciesspecific effect mediated through hCAR, but this cannot be completely ruled out. Previously, we attributed the lack of a dose-response in the FVB/NJ mice to P450 inhibition by NP, but this does not explain the reduction in transcript relative to lower doses. NP-mediated toxicity seems unlikely as concentrations as high as 100lM caused no discernable toxicity as measured by an MTS assays (data not shown). Overall, the induction of CYP2B6 in NP-treated primary human hepatocytes also indicates potential drug-toxicant interactions in highly exposed and susceptible individuals.
The list of hCAR activators is short compared with the extensive list of chemicals known to activate mCAR. Very few environmentally relevant chemicals have been shown to activate hCAR and in turn induce P450s; therefore these data demonstrating the activation of hCAR by NP is unique. Several structurally diverse environmental estrogens have been shown to induce P450 expression by activating mCAR or PXR, including estradiol, NP, dichloro-diphenyl-trichloroethane, diethylhexylphthlate, and bisphenol A (Kretschmer and Baldwin, 2005) . Future research in our laboratory and others should test whether hCAR also interacts with a diverse set of plasticizers, detergents, and environmental estrogens. Lastly, it is interesting to speculate as to whether other effects of NP NONYLPHENOL ACTIVATES THE CONSTITUTIVE ANDROSTANE RECEPTOR 423 such as its ability to increase adipocyte formation and proliferation (Masuno et al., 2003) are at least in part mediated by CAR, because CAR is also critical in regulating genes involved in energy and lipid metabolism (Shiraki et al., 2003; Ueda et al., 2002) .
NP is one of the most ubiquitous chemicals in the environment and specific uses are being banned in several countries because of its estrogenicity, propensity to bioaccumulate, and toxicity. We have demonstrated in this manuscript that NP can induce Cyp2b10 through mCAR and NP is a CYP2B6 inducer in humans, probably through hCAR. Other chemicals (plasticizers, pesticides, detergents, dietary supplements, other occupational, and environmental chemicals) add to the load of CAR activators (Kretschmer and Baldwin, 2005) that we are exposed and may act in concert in a predictable chemical-addition manner (Rider and LeBlanc, 2005) to increase P450 induction and drug-toxicant interactions. At this time a chemical-addition model for CAR has not been developed, but the potential for drug-toxicant interactions mediated by CAR activation may grow as the list of environmental chemicals that activate CAR increases. Thus, identifying the chemicals that activate CAR may help us predict adverse drug reactions that cannot be predicted based on pharmaceutical exposure alone.
